The anatomy of wood was studied in Quercus robur L. and Quercus suber L. seedlings exhibiting 3-8 units of extension, each with a tier of photosynthesizing leaves in their upper parts, generated as the result of rhythmic shoot growth under favourable conditions. At all the axis levels examined (i.e. the base of each of the different units of extension, four other equidistant levels within the first unit of extension and the upper part of the taproot), the wood displayed rings when treated with Wiesner reagents. This indicated cinnamaldehyde groups present in lignins. No rings appeared when the Mau$ le reaction was used for specific detection of syringyl subunits in lignins. A trend towards a periodical arrangement of xylem parenchyma bands was also found when sections were treated with I # \KI. The number of rings coincided with the number of leaf tiers above the level of measurement, and did not vary inside the first unit of extension. Thus, the rings are called rhythmic growth rings. In sections of the first and the second units of extension, and in the taproot, the area and width of a given rhythmic growth ring were highly correlated with the total area of leaves present above the level of measurement at the presumed time of growth ring formation. Moreover, stem diameter at the base of the units of extension was highly correlated with the leaf area above. These results indicate that differentiation of xylem, particularly its lignification, varies rhythmically in oak seedlings. They imply that wood production is linked to the photosynthesizing and\or transpiring area of the plant. Thus, during a growth cycle of Q. robur and Q. suber seedlings, there appears to be integration of the primary metabolic activities with the laying down of rhythmic growth rings.
INTRODUCTION
The wood of temperate-zone trees shows annual growth rings, that is to say, annual increments consisting of initial layers with large conducting elements (early wood) and later layers with smaller ones (late wood). Occasionally, additional rings are formed within a growing season. When this occurs, the usual number of multiple (intra-annual) rings is two, but quite often more are found, as reported by Kozlowski (1971) . According to this author, the formation of multiple rings, also called false rings, is promoted by abrupt environmental changes as well as various injuries ; moreover, production of lammas shoots is usually accompanied by formation of multiple rings, at least near the tip of the shoot, but exceptions occur in several species of oak growing under natural conditions (Wight, 1930 ; Grudzinskaya, 1957 ; Guard and Postlethwait, 1958 ; Longman and Coutts, 1974) . In seedlings of the flushing species, He ea brasiliensis (the commercial rubber tree) grown under natural conditions, and Quercus robur, grown in controlled conditions, multiple rings were found and their number was related to the order of appearance of the unit of extension considered (Halle! and Martin, 1968 ; Payan, 1982 ; de Fay$ , 1985) . The histological characteristics of these § For correspondence. false rings have not been studied in detail. Alternation of layers rich in vessels with layers rich in fibres, without flattening of the cells, was found in the wood of Quercus robur seedlings, but false rings of this kind were often discontinuous and poorly distinguished (Payan, 1982) . In He ea brasiliensis seedlings, false rings were, above all, the result of periodic variation in the spacing of axial parenchyma bands, and their boundaries were gradual (de Fay$ , 1985) . This paper describes a qualitative and a quantitative study of the wood of Quercus robur L. and Quercus suber L. seedlings, and of the external structure of the plants (unit of extension, tier of leaves). It is designed to clarify the nature and origin of the false rings of flushing species.
MATERIALS AND METHODS
Acorns (with pericarp and testa removed) were germinated in moist vermiculite. Fifteen (p2) d later, when the primary roots were 7-8 cm long, the plantlets were placed individually in pots filled with potting compost of shredded soil and rotted manure. The seedlings were grown in a growth chamber with a 16 h photoperiod, at 20-27 mC, and 60-70 % relative humidity, and watered approx. twice a week. Sodium lamps yielding a photon flux density of (Fig. 7) ; at the top, showing four rings (Fig. 8) . Bars l 0n5 mm. All sections stained with Wiesner reagents.
F 9-13. Transverse sections of the axis of a Q. robur seedling of four complete UE, at five levels. Upper part of the taproot, showing four rings (Fig. 9) ; base of the first UE, showing four rings (Fig. 10) ; base of the second UE, showing three rings (Fig. 11) ; base of the third UE, showing two rings (Fig. 12) ; base of the fourth UE, showing one ring (Fig. 13) every 40 d in Q. suber. This growth pattern was first described by Lavarenne-Allary (1965) in common oak seedlings in controlled, as well as natural, environments and in coppice shoots. It is common in the tropics and subtropics (e.g. He ea, Thea, cacao) where the genus Quercus may have evolved (Longman and Coutts, 1974 ; Halle! , Oldeman and Tomlinson, 1978 ; Tomlinson and Longman, 1981) . The oak seedling stems had an articulate morphology, as previously observed in Q. robur under similar conditions of growth by Payan (1982) , and by Alatou (1990) in Q. robur and Q. suber. Q. robur built typical units of extension (UE) : cataphylls were produced in relatively great number and foliage leaves were thus arranged in well-separated tiers. In contrast, the UE of Q. suber appeared less distinct initially, because of a less marked heteroblasty and a greater number of foliage leaves, but, after a preliminary study of the growth, they could be delimited accurately.
For the anatomical and histological study of wood, at least ten plants of each species were examined at the end of the fourth interflush, and several more at the end of the third or eighth interflush. The seedlings were sampled : (1) at 3 cm from the base of each UE, i.e. always below the first leaf of the UE ; (2) at four other equidistant levels within the first UE ; and (3) in the upper part of the taproot at 3 cm from the root collar. Samples were fixed in CRAF I (Sass, 1958) ; 40 µm-thick transverse sections were made with a freezing microtome and stained for observation by light microscopy with one of the three following reagent stains : (1) Wiesner reagents (Sass, 1958) which mainly indicate cinnamaldehyde groups present in lignins (Monties, 1980 ; Vallet et al., 1996) . Fresh sections were left for 3 min in 1 % phloroglucinol in 95 % ethanol and mounted in 50 % HCl ; (2) Mau$ le reagents (Dop and Gautie! , 1928 ; Locquin and Langeron, 1978) , which are specific for syringyl subunits in lignins (di-methoxylated residues). The treatment consisted of a 5 min staining in 1 % KMnO % , followed by washing in water and then transfer of sections to 50 % HCl until partially decoloured. Finally, the sections were washed thoroughly in water and mounted in 50 % NH % OH ; (3) Lugol reagents, (Sass, 1958) which identify starch, and thus showed starch-rich parenchyma at low magnification. Fresh sections were left for 10 min in solution of I # \KI (1 g of each in 100 ml distilled water), and washed quickly.
For the allometric study, nine seedlings (five Q. robur and four Q. suber) were used. At the end of the eighth interflush, stem diameter was measured at 3 cm from the base of each UE, twice at right angles, and the mean recorded. The foliage leaves were collected from each UE, and quickly photocopied, with the leaf blades arranged on the same sheet (typing paper of uniform thickness). The photocopied surfaces were carefully cut out ; the weight of the cut pieces of paper indicated the leaf area. In addition, for five UE, a second photocopy was made on graph paper, permitting direct calculation of leaf area by counting square millimetres. Since the results of the graph paper method differed from those of the weighing method by only 1 % on average, the former, which was the faster method, was systematically adopted. The axis was sampled at three levels : the base of the first UE, the base of the second UE (both at 3 cm from the base) and the upper part of the taproot (at 3 cm below the root collar). For each sample, transverse sections were made and stained with phloroglucinol-HCl, as above. Width of the observed rings was measured with an ocular micrometer under a stereomicroscope along four radii at right angles, and the mean used.
Ring area was calculated as the difference between the areas of two concentric circles.
RESULTS

Presence and nature of periodic structures in xylem
At all levels of the axis examined, and in all seedlings of both Q. robur and Q. suber, the wood displayed rings under the stereomicroscope when treated with Wiesner reagents (Fig. 1) . In contrast, Mau$ le reagents showed no rings (Fig.  2) . The alternation of layers poorly-and highly-reactive to phloroglucinol-HCl was regular. The poorly-reactive layers were generally wider than the highly-reactive layers. Nevertheless, in all cases, the first-formed layer (adjacent to the pith) was highly-reactive and wide. At higher magnifications (under a standard optical microscope), differences in intensity of staining were less clear and were not caused by significant concentric variations in wall thickness, radial dimensions of xylem fibres and parenchyma cells, or size and number of vessel pores (Fig. 3) .
The I # \KI reaction at low magnification showed alternating layers rich in axial parenchyma bands and rich in fibres (Fig. 4) . These successive layers merged frequently in some sectors of the cross-sectional area of the xylem. Layers rich in fibres coincided fairly well with layers highly-reactive to phloroglucinol-HCl (Fig. 5) .
Within the first UE, rings were less obvious at the top than at the base, and the first-formed ring was narrow at the top and wide at the base. However the combined number of layers highly-and poorly-reactive to phloroglucinol-HCL did not change (Figs 6-8 Q. robur seedling 1 0n971** 0n970** 0n961** 0n986** 0n946** 0n998** 2 0 n 967** 0n722* 0n880** 0n992** 0n978** 0n993** 3 0 n 977** 0n871** 0n980** 0n825* 0n988** 0n991** 4 0 n 974** 0n699 0n964** 0n975** 0n950** 0n947** 5 0 n 966** 0n839** 0n986** 0n981** 0n989** 0n994** Q. suber seedling 1 0n962** 0n954** 0n977** 0n918** 0n931** 0n939** 2 0 n 953** 0n909** 0n922** 0n975** 0n992** 0n999** 3 0 n 982** 0n920** 0n956** 0n979** 0n950** 0n961** 4 0 n 994** 0n646 0n808* 0n941** 0n975** 0n996** Levels of significance of the difference from zero : **P 0n01, *P 0n05. layers was always the same at the upper part of taproots and in the first-formed out of four UE, with four layers highly reactive to phloroglucinol-HCl. There were three at the base of the second UE, two at the base of the third UE, and one at the base of the fourth and last-formed UE (Figs 9-13 ). The distribution of wood rings within the axis of an oak seedling of four UE can thus be represented schematically as in Fig. 14. 
Allometric relationships in the plant
In seedlings of Q. robur and Q. suber, stem diameter was found to be highly correlated with the leaf area above the level of measurement (Table 1 ). Moreover at the three levels of the axis studied, the width and area of a given ring were found to be highly correlated with the leaf area above the level of measurement at the time of formation of the ring ( Table 1 ). The time of formation of rings was deduced from the distribution of wood rings within the axis previously demonstrated for oak seedlings of four UE, as shown schematically in Fig. 15 . Thus, for the upper part of taproot (T )
for the base of the first UE (I )
for the base of the second UE (II ) 
. are the areas (or widths) of the rhythmic growth rings 1, 2, 3 … n at levels T, I, II, respectively.
The correlation coefficients were significantly different from zero at 5 % and frequently at the 1 % level (limits of significance for eight rings, respectively, 0n71 and 0n83 ; for seven rings, respectively, 0n75 and 0n87 ; Lamotte, 1967). There were, however, two exceptions in relation to the ring width and the base of the first UE, one in each species. Otherwise, the correlation coefficients (r) were high, generally greater than 0n9. It was clear (Figs 16 and 17) that the allometric relationships were positive and, at least in most examples, linear.
DISCUSSION AND CONCLUSIONS
Wood of Q. robur and Q. suber seedlings was made up of multiple rings of the same type, resulting from periodic changes in the intensity of lignification occurring every 3-4 weeks in the case of Q. robur and every 5-6 weeks in Q. suber. The differential reaction of the wood area to the Wiesner reagents, but not to the Mau$ le reagents, implies periodic quantitative changes in the deposition of guaiacyl monomers (mono-methoxylated subunits) in lignin. These are termed rhythmic growth rings here because of their distribution within the axis as a function of rhythmic shoot growth (a seedling with n complete UE contained n wood rings of that type within the first UE and in the upper part of the taproot ; nk1 at the base of the second UE ; nk2 at the base of the third ; … and 1 at the base of the nth). Highly-lignified wood layers tended to be richer in fibres and correspondingly less rich in axial parenchyma bands than poorly-lignified layers. Vessels were not clearly involved in the periodicity of the wood structure. Rhythmic growth rings of Q. robur and Q. suber juvenile wood were thus very different from annual growth rings of oak trees grown in natural conditions (ring-porous wood with sharp ring boundaries). Instead, they were similar to features found in some tropical trees, such as the multiple rings of Monodora tenuifolia seedlings (Amobi, 1972) and the false rings of He ea brasiliensis and Theobroma cacao seedlings, the latter of which have also been shown to be true rhythmic growth rings (de Fay$ , 1985, unpubl. res.) . It can be concluded that rhythmic growth rings of both the species of Quercus studied indicate periodic variations of xylem differentiation in relation to flushing growth, particularly quantitative and qualitative variations of lignification. The strong linear correlation found for oak seedlings between stem diameter and above-level leaf area (or width) leads to the prediction that the leaf area-rhythmic growth ring area (or width) relationship demonstrated for three lower levels of the axis can also be applied to the upper levels of the plant. Such allometric relationships imply that the secondary xylem production of stem and root is linked to the photosynthesizing and\or transpiring area of the plants. They were established in plants growing in favourable conditions, where there was little competition for light and water between individuals and between leaves (in the latter case at least for light). Under such conditions, there should be integration of the primary metabolic activities with the laying down of a rhythmic growth ring. However, in those seedlings which showed smaller and non-significant correlation coefficients for a particular level of the axis, competition or injury of leaves might have been involved.
The presence of rhythmic growth rings in taproots, which displayed the same allometric relationships as in stems [although taproots do not show a typically rhythmic shoot growth in Q. robur seedlings (Parmentier et al., 1991) ] suggests that wood production in an axis was more directly linked to the activities of the mature leaves, the area of which increased periodically, than to the periodic activity of the meristem which built the axis. It is important to consider the possible role of leaves in xylogenesis, at least in flushing plants, and not simply as a source of growth regulators. It is likely that carbohydrate allocation, rather than hydraulic conductivity, is the mechanism for fixing these allometric relationships, especially since dicotyledonous wood is not homogeneous in structure (conducting elements are present next to fibres and parenchyma cells).
Several allometric relationships have been studied in forest trees (Pressler's law, Huber value, Pipe model, Leaf Area-Sapwood Area relationship, in Larson, 1963 ; Shinozaki et al., 1964 ; Waring, Schroeder and Oren, 1982 ; Marchand 1984 ; Dean and Long, 1986 ; Espinosa Bancalari, Perry and Marshall, 1987 ; Keane and Weetman, 1987 ; Deleuze, 1996 ; Bartelink, 1997 ; Hatsh, 1997) . These relate to annual rings of branched individuals and are often empirical, or not proved, in all species, notably in broad-leaved trees. It would be useful to know whether allometric relationships, analogous with those established in seedlings of flushing species, exist in forest trees. 
